This study aimed to retrospectively assess the feasibility and efficacy of three-dimensional (3D) printing technology in the treatment of high-energy trans-syndesmotic ankle fracture dislocation -"log-splitter" injury -and to evaluate the efficacy and prognosis.
Background
The ankle joint is one of most significant weight-bearing joints in the entire human body, and its fracture accounts for 3.92% of all fractures [1, 2] . Approximately 11% to 20% of ankle fractures are accompanied by distal tibiofibular syndesmotic injury, which greatly affects ankle joint stability of [3] [4] [5] . However, as an newly proposed type of high-energy ankle fracture and dislocation [6, 7] , the injury mechanism of log-splitter injury may be described as similar to an inverted log-splitter wedge, which is a kind of industrial device used for splitting firewood (Figure 1 ). Under the multi-force action dominated by vertical axial force, the talus is simulated as a sharp wedge embedded into the distal tibiofibular syndesmosis, leading to distal syndesmotic disruption and displacement, as well as injury to the surrounding soft tissue [7] .
Open reduction and internal fixation (ORIF) is performed by exposing the fracture site, repairing and resetting the fracture end, and selecting different specifications of internal fixation to maintain the position after reduction, and is considered as the standard therapy for ankle fracture and dislocation [8] . However, recent related studies have reported that the incidence of complications such as poor wound healing, wound infection, and lower-extremity venous thrombosis after ORIF is high [9] . To achieve better efficacy and prognosis, ORIF needs to be more precise and personalized. With the rapid development of 3D printing technology in the field of digital orthopedics, an intuitive and physical model can be reconstructed based on computed tomography (CT) scan data by printing layer-bylayer after the processes of virtual reset and simulated fixation, which helps surgeons understand the location and displacement of fractures, as well as formulating an optimal preoperative plan and conducting surgical strategy simulation [10, 11] .
Hence, in order to further clarify the feasibility and efficiency of 3D printing assisted surgery for log-splitter injury, this retrospective study compared the traditional surgery with 3D printing surgery in the treatment of log-splitter injury, and evaluated the prognosis.
A B Figure 1 . Schematic diagrams of log-splitter injury. (A) The industrial wedge for splitting firewood is similar to log-splitter injury in morphology, which is vividly described as the "log-splitter injury". (B) The talus is simulated as a sharp wedge embedded into (along with the direction of arrow) the distal tibiofibular syndesmosis, leading to distal syndesmotic disruption and displacement.
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Material and Methods
Diagnostic criteria and clinical classification
Log-splitter injury was described as an ankle fracture and dislocation caused by the vertical axial force and possibly combined rotational force, including the distal tibiofibular syndesmotic disruption and displacement, as well as the surrounding soft tissue compromise [6, 7] . Therein, distal tibiofibular syndesmotic disruption and displacement were diagnosed referring to Amendola et al. [12] on the basis of the normal anatomical relationship of distal tibiofibular syndesmosis on X-rays: (1) the space of distal tibiofibular was less than or equal to 6 mm on anteroposterior position or ankle mortise view; (2) the overlap of tibiofibular on anteroposterior position was greater than 6 mm or 42% of the fibula width; and (3) the overlap of tibiofibular on ankle mortise view was greater than 1 mm. Values beyond any of these ranges were regarded as syndesmotic disruption or displacement.
In addition, Wang et al. [6] also classified log-splitter injury into typical and atypical types according to the degree of talus embedded into the distal tibiofibular syndesmosis. In the typical type, the talus is usually completely embedded into the distal tibiofibular syndesmosis caused by vertical axial force, with or without the "Platford" and talus fracture. In the atypical type, the talus is usually incompletely or partially embedded into the distal tibiofibular syndesmosis caused by the rotational force, without "Platford" and talus fracture.
Patients
This retrospective study reviewed a total of 29 patients (17 males and 12 females) who were diagnosed with logsplitter injury according to the above criteria, and who were admitted to Jiangxi Provincial People's Hospital affiliated with Nanchang University from June 2011 to December 2016. As 3 patients in the routine group were followed up for less than 12 months, patients were enrolled in the routine group (n=13) and 3D printing group (n=16) by random number table method after admission, and treated according to the different surgical methods. Moreover, on the basis of previous research standards by Bible and Wang [6, 7] , the inclusion criteria included: (1) age range of 18-75 years; (2) fresh injuries (within 2 weeks from injury); and (3) at least 12 months of follow-up. The exclusion criteria included: (1) old and pathological fractures; (2) patients with severe cardiovascular diseases, liver or kidney disease, or central nervous system diseases who could not tolerate the surgery; and (3) patients who were lost to follow-up or were followed up for less than 12 months. This study was approved by the Institutional Review Board of Jiangxi Provincial People's Hospital affiliated with Nanchang University.
Printing the 3D models
We collected CT scan data of 16 patients with log-splitter injury from the dual-source 64-slice spiral CT system (SIEMENS, Germany) in our hospital. The scan parameters were 120 KV voltage and 0.625 mm pitch. All original CT data were stored in Digital Imaging and Communications in Medicine (DICOM) format and imported into Mimics 19.0 software (Materialise, Leuven, Belgium) for 3D reconstruction, and the structural features of talus, broken bones, and peri-ankle bones were accurately separated by functions of Thresholding and Split Mask. After Boolean operation, the restored fracture blocks were spliced together, and the noise reduction and smoothing were further performed. The fracture blocks were then virtually reset by the Move and Rotate operations. The design data was then imported into the 3D printing software (Cura 15.02) in STL format. After forming the 3D digital model, the data were saved in Gcode format and exported to a 3D printer (Waston Med, Inc., Changzhou, China), and a 1: 1 physical model of the injured ankle joint was fabricated with photosensitive resin.
Surgery simulation
With the assistance of a 3D-printed log-splitter injury physical model, surgeons were able to simulate the extracorporeal operation in advance. In this process, surgeons can perform the simulated resets and fixations on models, and attach the appropriate plates and screws with desired length, direction, and position to the models. These preselected and prefabricated plates and screws were then sterilized and stored for later actual surgery. The fracture structure features in the 3D-printed model were clear, which contributes to their usefulness as a reference for anatomical reduction during actual surgery.
Operative procedures
All surgical procedures were performed by senior surgeons in the same treatment team. Under general or epidural anesthesia, patients were placed into supine position and a pneumatic tourniquet was used at the root of the thigh to block the blood circulation. A suitable surgical approach to achieve satisfactory reduction was selected according to the different injury patterns. After incising the skin, the subcutaneous tissues were bluntly dissected to fully expose the fracture end. The operation first fixes the fibula or lateral malleolus, and a 3.5-mm locking compression plate (LCP) of varying length and the cortical locking screws of different specifications (Weigao Med, Inc., Weihai, China) were selected as usual to restore the fibula length and adjust the limb force line. Then, the possibly combined Platford fracture of distal tibia, Chaput fracture of anterolateral tibia, Volkmann fracture of posterior ankle, and the anterior or medial malleolus ankle fracture were reduced and fixed. Afterwards, according to the measurement results of the hook test, the stability of reduced ankle joint was judged, the distal tibiofibular syndesmosis was selectively fixed, and the deltoid ligament or distal anteroposterior tibiofibular ligament were repaired. In the 3D printing group, the insertion of plates and screws directly referred to the results of preoperative 3D-printed model simulation. However, the selection and insertion of plates and screws in the routine group were determined only by intraoperative measurements and fluoroscopy results. After the reduction and fixation were evaluated by the C-shaped X-ray, the incision was closed layer-by-layer with 2/0 absorbable sutures, as usual.
Postoperative management
There was no significant significance in postoperative management of patients between the 2 groups. The antibiotics were applied within 2 days postoperatively to prevent infections; the injured limbs were raised to alleviate the swelling around the incision; patients were encouraged to take functional exercises as early as possible to prevent the ankle joint stiffness; weight-bearing was avoided within 3 months, until the imaging examination confirmed the formation of continuous callus at the fracture end, patients were guided to partly weight-bearing and gradually transitioned to complete weight-bearing. In addition, according to the previous study by Miller et al. and Hamid et al. [13, 14] , the distal tibiofibular syndesmotic screw was supposed to be removed 12-14 weeks postoperatively to avoid complications such as limited joint motion, joint stiffness, and pain above the distal tibiofibular syndesmosis after weight-bearing.
Parameters assessment
The operation time, intraoperative blood loss, fluoroscopy times, fracture union time, and postoperative complications of all patients were observed and recorded. The range of ankle joint motion, including dorsal expansion, plantarflexion, inversion, and eversion, were also assessed at follow-ups. Moreover, preoperative and postoperative tibiofibular widths were measured based on the axial CT of the ankle joint. On the basis of anteroposterior X-rays of the ankle joint, the fracture reduction was evaluated by scoring according to the Burwell-Charnley radiographic criteria [15] . During the last follow-up, the ankle functional outcomes were assessed by American Orthopedic Foot and Ankle Society (AOFAS) ankle-hind foot score [16] . In the 100-point AOFAS scoring system, a score ³90 is regarded as excellent, 75-89 as good, 50-74 as fair, <50 as poor. 
Statistical analysis

Results
Patient characteristics
Demographic data and injury characteristics of patients in the 2 groups are shown in Table 1 . The routine group included 8 males and 5 females and the 3D printing group included 9 males and 7 females. The mean age of patients in the routine group was 43.3±13.9 years and in 44.5±13.5 years in the 3D printing group. Regarding the causes of injury, the most common in the 2 groups was falling from a height (7/13 versus 9/16). In the routine group, the injuries were on the left in 8 patients and on the right in 5.
In the 3D printing group, the injuries were on the left in 6 patients and on the right in 10. Based on the clinical classification of log-splitter injury [6] , the routine group had 9 patients with typical injury (mainly vertical axial force), and 4 patients with atypical injury (mainly rotational force). The 3D printing group had 10 patients with typical injury and 6 patients with atypical injury. Moreover, according to AO fracture classification [17, 18] , there were 2 patients with type 44A fracture, 3 patients with type 44B fracture, and 8 patients with type 44C fracture in the routine group. The 3D printing group included 3 patients with type 44A fracture, 4 patients with type 44B fracture, and 9 patients with type 44C fracture. On the basis of AO soft tissue injury grading [19] , there were 8 patients with grade IC1, 3 patients with grade IC2, and 2 patients with grade IC3 in the routine group, and there were10 patients with grade IC1, 4 patients with grade IC2, and 2 patients with grade IC3 in the 3D printing group. Time from injury to operation in the routine group was 7.1±2.9 days and it was 7.4±2.7 days in the 3D printing group. In the routine group, there were 3 patients with tibial Platford fracture, 2 patients with Tillaux-Chaput avulsion fracture, and 3 patients with Volkmann fracture. In the 3D printing group, 4 patients had tibial Platford fracture, 3 patients had Tillaux-Chaput avulsion fracture, and 2 patients had Volkmann fracture. Maisonneuve fracture was not observed in either group. The comparison of preoperative data between the 2 groups revealed no significant difference in age, sex, causes of injury, injury side, injury type, fracture classification, soft tissue injury grading, time from injury to operation, and the associated fractures (P>0.05 for all).
Clinical data
There was a significant difference in operation time between the 3D printing group (107.8±10. 
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the mean AOFAS score at the last follow-up in the 3D printing group was 75.5±8.5, with 10 patients scored as good, 2 as fair, and 1 as poor, while that of the routine group was 74.8±9.3, with 14 patients scored as good, 1 as fair, and 1 as poor. There was no significant difference in AOFAS score between the 2 groups (P=0.156). However, compared with the routine group (76.9%), the 3D printing group (87.5%, P=0.017) exhibited a higher rate of good functional outcome.
Postoperative complications
There was 1 patient in each group with superficial infection, which were successfully controlled by antibiotics and regular dressing. In the 3D printing group, there were 2 patients with delayed fracture union, while the routine group has 1 such patient. However, all of them healed after functional exercises and enhanced weight-bearing within 9 months after the operation. No other complications such as malunion, nonunion, and deep infection were found in the remaining patients. As summarized in Table 4 , the total complication rate of the 3D printing group was 18.8% (3/16) and in the routine group it was 23.1% (3/13), with no significant difference between groups (P=0.485).
Typical case
A male, 29 years old, falling from a height, was diagnosed with log-splitter injury and selected as the typical case.
The preoperative X-ray and CT scan of injured ankle joint are shown in Figure 2 . Based on his CT scan data, the functions of Thresholding and Split Mask in Mimics 19.0 software were used to clearly exhibit the characteristics of the injured ankle, and the outcome of virtual reset is presented in Figure 3 . The 1: 1 physical model of injured ankle was then fabricated and a simulated operation was performed in vitro ( Figure 4) . Afterwards, the subsequent actual surgery was guided by the simulated operation. Postoperative X-rays suggested the reduction and fixation were satisfactory ( Figure 5 ). To avoid complications such as limited joint motion, joint stiffness, and pain above the distal tibiofibular syndesmosis, the distal tibiofibular syndesmotic screw was removed 12 weeks postoperatively [13, 20] . During follow-up over the next 20 months, he was generally in good condition and the ankle function recovered well.
Discussion
The conception of log-splitter injury was first proposed by Bible et al. in 2014 [7] , which represents an exceptional type of high-energy transsyndesmotic ankle fracture dislocation. With the combination of vertical axial force and possible rotational force, the injury energy is very high and often results in distal syndesmotic disruption and displacement, as well as the damage to the surrounding soft tissue [6, 7] . The mechanism of log-splitter injury is complicated, and can be divided into typical type and atypical type only according to the degree of talus embedded into the distal tibiofibular syndesmosis [6] . The current therapies of log-splitter injury are single and indefinite, mainly relying on ORIF and the repair of distal tibiofibular syndesmosis, with a certain disability rate, varying surgical efficacy, and labile complication rate.
Hence, we retrospectively compared the efficacy and prognosis of conventional surgery versus surgery assisted by 3D printing technology in the treatment of log-splitter injury. In the 3D printing group, the anatomical relationship of the injured ankle can be more clearly and intuitively understood on the basis of the 3D printed model, which effectively assists surgeons in determining the fracture classification and distribution of broken bones [21, 22] , and the collapse and comminution of the articular surface can be also examined. Thus, whether bone grafting is needed or the amount of bone grafting needed can be accurately assessed in this process, which contributes to formulating a reasonable personalized surgical plan and optimizing the outcomes [23] .
With the simulated extracorporeal operation on models in the 3D printing group, the plates and screws were precisely preselected and prefabricated, and the position and direction of screws insertion were marked out. blood loss, and fluoroscopy times in the 3D printing group were significantly less than those in the routine group, and obtained a higher rate of good functional outcome. The results were similar to the previous studies by Zheng et al. and Bai et al. [24, 25] . The AOFAS score for our cohort of log-splitter injury in the 3D printing group was 75.5±8.5 at the last follow-up, which is a little higher than that of the study by Bible et al. (67.0±26.8) [7] . In addition, with the assistance of 3D printing technology, the radiation exposure of surgeons and patients can be effectively reduced, as well as the incidence of potential risks during surgery and anesthesia [26] [27] [28] [29] [30] . In addition, the 3D printed model allows to explain detailed the operation plan and related risks to patients and their families, which enhances doctor-patient communication and enables patients to have an intuitive understanding of the surgery [24] .
However, despite the apparent advantages of 3D printing technology, it is necessary to clearly recognize that there are still some shortcomings. Firstly, no significant difference was noted in mean AOFAS score at the last follow-up between the 2 groups (75.5±8. [24] . This might be related to the high-energy injury caused by multiforce violence of log-splitter injury [6, 7] , whose traumatic energy is greater than that of the Pilon fracture to a certain extent, as demonstrated by the fact that none of the patients had an excellent score (AOFAS score ³90) in this study. In addition, 3D printing technology is based on CT scan data, and only has a clear image of the skeleton, which lacks the information of adjacent blood vessels, nerves, ligaments, and other soft tissues [24, 32] . With the current 3D printing equipment, operation costs and printing materials are relatively expensive, which limits its clinical applications. The whole process from CT scan to printing out the physical model and simulated operation is also time-consuming, taking about 3-5 days, and is not suitable for emergency surgery [24] .
Ultimately, certain limitations in this study should also be recognized and addressed. This study is only a retrospective analysis of cases, with a relatively small sample size. To further verify the efficacy and prognosis of surgery assisted by 3D printing technology for log-splitter injury, further prospectively studies with larger samples of high-quality cases from multiple research centers are needed. In addition, as this study was not a prospective, randomized control trial, we did not compare log-splitter injury with other types of ankle fractures, which should be addressed in future studies.
Conclusions
Log-splitter injury represents an exceptional type of high-energy transsyndesmotic ankle fracture dislocation. 3D printing technology is equipped with both safety and efficiency for the treatment of log-splitter injury and has the advantages of shorter operation time, less intraoperative blood loss, fewer fluoroscopy times, and higher rate of good functional outcome compared with the routine group. Surgery assisted by 3D printing technology to treat log-splitter injury is feasible and effective, and may be an optional approach to formulate a reasonable personalized surgical plan and optimize outcomes.
